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1. Introduction {#anie201711060-sec-0001}
===============

For the first time since the industrial revolution, excessive energy consumption and energy sources are major topics of political and social discourse.[1](#anie201711060-bib-0001){ref-type="ref"} Current innovations are rated not only in terms of their benefit and utility, but also with regard to their ecological footprint. The development of green industrial processes is becoming more and more important and requires unobjectionable energy sources. Particularly over the past decade, energy from renewable resources has been increasingly exploited all over the world to reduce pollution, carbon dioxide emission, and waste generation.[2](#anie201711060-bib-0002){ref-type="ref"} While these energy sources help to render industrial processes "greener" with regard to energy consumption, it is worthwhile to adapt this principle also in chemical synthesis. Electroorganic synthesis is the synthetic organic chemistry discipline that enables the direct use of electricity to generate valuable compounds. Hence, it is possible to transfer green aspects of sustainable energy sources to the whole production process.

Electrochemistry is mostly taught within physical chemistry and therefore focuses on the creation and interpretation of electric signals. This way of thinking is due to the importance of electroanalytical methods in battery research, for example, or in electron transfer in general. However, these electric signals do not provide much information on synthetic utility. Therefore, electrogenerated compounds must be isolated. Consequently, the synthetic potential of electrochemistry lay dormant, and this area was mostly considered as a niche technology. Several laboratory‐scale synthetic applications have been known for a long time, but mostly faded into oblivion in the second half of the 20th century. Nevertheless, a comprehensive guide on the technical aspects of laboratory‐scale preparative electrolysis can be found in the book "Organic Electrochemistry".[3](#anie201711060-bib-0003){ref-type="ref"}

Over the past decade, organic electrochemistry has experienced a renaissance in the field of preparative organic methods. Conventional chemical oxidizing or reducing agents are being replaced by electric current as an inexpensive, renewable, and inherently safe reagent.[4](#anie201711060-bib-0004){ref-type="ref"} Limitations on the redox potential, associated with every chemical reagent, can be circumvented as the reactivity can be tuned by changing the applied potential. The latter point is important as it enables electrochemical reactions to readily use extraordinary reaction pathways, enabling the shortening of conventional multi‐step reaction sequences. The use of electric current avoids the generation of reagent waste and increases atom economy as only the addition or removal of electrons is required for reactivity. By combining all of these advantages with long‐lasting and non‐sacrificial electrode materials, this method represents real "green chemistry", and is an important component in the solution of current and future challenges.[5](#anie201711060-bib-0005){ref-type="ref"} The development of green processes is particularly interesting for large‐scale technical applications. In this Review, recent developments in this field are discussed, showcasing the exciting potential of "electrified" organic synthesis.

The electron transfer at the electrode--electrolyte interface is mostly considered to be the decisive factor for electroconversion. For very small molecules such as CO, methane, formaldehyde, methanol, or ethylene, this is generally true, and electrocatalysts can be key for synthetic conversion.[6](#anie201711060-bib-0006){ref-type="ref"}, [7](#anie201711060-bib-0007){ref-type="ref"} Owing to the stability and lifetime of many organic radicals, there is a second regime that needs to be controlled to achieve the desired transformation.[8](#anie201711060-bib-0008){ref-type="ref"}

In addition to particular factors influencing the electron transfer, such as the electrode material and the overpotential, it is, with regard to chemical follow‐up processes, crucial not to underestimate typical effects of organic synthesis. The supporting electrolyte, its concentration, as well as the solvation of charged intermediates and the ionic strength can have a significant effect on selectivity and efficiency (Figure [1](#anie201711060-fig-0001){ref-type="fig"}). Whereas it is necessary to control both regimes, this can also be used as a means to control the outcome of a reaction. The application of low current densities in many electrosynthetic processes indicates that the conversion was investigated under optimal conditions on a small laboratory scale over acceptable time frames. Nevertheless, large‐scale applications aim for high current throughput, which can be achieved, for example, by using porous electrode materials[9](#anie201711060-bib-0009){ref-type="ref"} or stabilizing electrolytes.[10](#anie201711060-bib-0010){ref-type="ref"}

![Processes and parameters of electrosynthesis.](ANIE-57-5594-g007){#anie201711060-fig-0001}

Recently, Baran and co‐workers published a general overview on electroorganic developments since 2000.[11](#anie201711060-bib-0011){ref-type="ref"} It was our aim to write a Review with a clear focus on synthetic developments that are of great importance in contemporary synthesis:

electrochemical fluorinationelectrochemical C−N functionalization of arenesKolbe electrolysiselectrochemical arene couplingselectrochemical construction of heterocycleselectrochemistry in the synthesis of natural products, related compounds, and late‐stage functionalization

In a second Review,[173](#anie201711060-bib-0173){ref-type="ref"} other conceptual aspects of organic electrosynthesis will be discussed. This thematic structure completes the puzzle of different overviews published over the last few months, and surveys the most important achievements of the last decades.

2. Electrochemical Fluorination {#anie201711060-sec-0002}
===============================

Only very few fluorinated organic compounds occur naturally.[12](#anie201711060-bib-0012){ref-type="ref"} Owing to their interesting chemical, biological, and physical properties as well as their applications, for instance, in materials science or medicinal chemistry, the introduction of fluorine atoms into organic substrates is highly desired.[13](#anie201711060-bib-0013){ref-type="ref"} Methods for the selective chemical fluorination of organic substrates suffer from the hazardous character of most fluorinating reagents, as well as their significant costs.[14](#anie201711060-bib-0014){ref-type="ref"} Electrochemical perfluorination of organic substrates in anhydrous HF at Ni anodes, known as the commercially used Simons process, was already developed in 1949,[15](#anie201711060-bib-0015){ref-type="ref"} and later enhanced by using molten KF⋅2 HF and carbon anodes.[16](#anie201711060-bib-0016){ref-type="ref"} The first report on selective partial fluorination dates back to 1970, and this process was further developed mainly by Fuchigami and co‐workers. Most of the advances accomplished in this area have recently been summarized.[14](#anie201711060-bib-0014){ref-type="ref"}, [17](#anie201711060-bib-0017){ref-type="ref"} Thus, only the key features of selective electrochemical fluorination are discussed here.

Ionic liquid fluoride salts with the general formula Et~3~N⋅*n* HF or R~4~NF⋅*n* HF (*n*=3--5; R=Me, Et or ^*n*^Pr)[18](#anie201711060-bib-0018){ref-type="ref"} are used as the fluoride donor either in aprotic solvents or as the neat ionic liquid. Olah\'s reagent (70 % HF/pyridine) can only be used in a few processes owing to the nucleophilicity of pyridine (Section 3). In the presence of water, the nucleophilicity of fluoride is drastically decreased. Thus the use of NBu~4~F⋅3 H~2~O is not viable. The anodic stability of alkylamine/HF ionic liquids increases with the HF content. Therefore, the substrate scope could be broadened by using the neat ionic liquid containing 4 or 5 equiv of HF.[19](#anie201711060-bib-0019){ref-type="ref"} Furthermore, the fluoride salt can tune the selectivity of the reaction (e.g., α‐fluorination vs. fluorodesulfurization) as a result of different amounts of free amine base present in the electrolyte. The selectivity can also be tuned by changing the solvent system and thus stabilizing or destabilizing the initially formed radical cations (Scheme [1](#anie201711060-fig-5001){ref-type="fig"}).[20](#anie201711060-bib-0020){ref-type="ref"}, [21](#anie201711060-bib-0021){ref-type="ref"}

![Solvent effects in the anodic fluorination of 3‐phenylthiophthalide. Yields determined by ^19^F NMR analysis.[20](#anie201711060-bib-0020){ref-type="ref"}](ANIE-57-5594-g008){#anie201711060-fig-5001}

Initially, electrochemical fluorination was performed in aprotic solvents. However, significant anode passivation and, in the case of CH~3~CN, concurring acetamidation were observed. Furthermore, the electrochemical window was limited by the oxidation of the solvent. To overcome these drawbacks, either mediated systems and/or neat ionic liquids were used for electrochemical fluorination. Under such conditions, the scope was expanded, and the current efficiency was increased. Neat ionic liquids are more viscous than common organic solvents, resulting in slower mass transport. Mass transport and current efficiency can be improved by ultrasonication of the electrolyte.[22](#anie201711060-bib-0022){ref-type="ref"} The challenge of the low atom economy could partially be overcome by recycling and reusing the ionic liquids. The electrochemical window of the electrolyte was further extended by using a combination of Et~3~N⋅*n* HF (*n*=4--5) and imidazolium‐based ionic liquids. The addition of ether‐containing additives (dimethoxyethane (DME), ethylene glycol, or poly(ethylene glycol) (PEG)) to coordinate the counterions led to an increase in the fluoride nucleophilicity and thus in the reaction efficiency (Scheme [2](#anie201711060-fig-5002){ref-type="fig"}).[23](#anie201711060-bib-0023){ref-type="ref"}, [24](#anie201711060-bib-0024){ref-type="ref"}

![Influence of ether‐containing additives on the electrochemical fluorination of α‐(2‐pyrimidylthio)acetate.[23](#anie201711060-bib-0023){ref-type="ref"}](ANIE-57-5594-g009){#anie201711060-fig-5002}

However, even in neat ionic liquids, anode passivation was not completely suppressed. Therefore, various systems have been developed for indirect electrochemical fluorination, for example, by using triarylamines, halides, or hypervalent difluoroiodoarenes as mediators. This led to significant improvements in terms of reaction efficiency and selectivity. Particular interest has been paid to hypervalent difluoroiodoarenes, which are anodically generated in situ from the corresponding iodoarenes. Thus only catalytic amounts of the iodoarene were required. Interestingly, anisole‐derived iodoarenes performed best (Scheme [3](#anie201711060-fig-5003){ref-type="fig"}).[25](#anie201711060-bib-0025){ref-type="ref"}, [26](#anie201711060-bib-0026){ref-type="ref"}

![Indirect anodic *gem*‐difluorination of dithioketals with *para*‐methoxyiodobenzene difluoride.[25](#anie201711060-bib-0025){ref-type="ref"} SSCE=saturated sodium calomel electrode.](ANIE-57-5594-g010){#anie201711060-fig-5003}

Task‐specific iodoarenes, carrying, for example, an imidazolium moiety,[27](#anie201711060-bib-0027){ref-type="ref"} and polymer‐supported iodoarenes[28](#anie201711060-bib-0028){ref-type="ref"} have also been developed. These are stable during the electrochemical reaction and product extraction, and can be reused in subsequent runs. These developments culminated in a highly selective method for the electrochemical fluorination of (hetero)aromatic compounds under mild reaction conditions.[14](#anie201711060-bib-0014){ref-type="ref"},[17](#anie201711060-bib-0017){ref-type="ref"} However, although the used alkylamine/HF salts are less hazardous than most fluorinating agents used in chemical fluorination methods, they are still toxic and highly corrosive and therefore need to be handled with care, especially with higher HF contents. In addition, they are expensive and difficult to obtain commercially. A less expensive and less toxic alternative is the use of inorganic fluoride salts, such as alkali‐metal fluorides (MFs), which are stable and therefore easier to handle, as the fluoride source and supporting electrolyte. The challenges associated with the poor solubility and therefore low nucleophilicity of MFs in organic solvents was overcome by the addition of poly(ethylene glycol) (PEG) to coordinate the cation. Thus the anodic fluorination of triphenylmethane, for example, as well as fluorodesulfurization were successfully achieved by using a PEG/MF (M=K or Cs) system (Scheme [4](#anie201711060-fig-5004){ref-type="fig"}).[29](#anie201711060-bib-0029){ref-type="ref"}

![Anodic fluorination with alkali‐metal fluorides.[29](#anie201711060-bib-0029){ref-type="ref"}](ANIE-57-5594-g011){#anie201711060-fig-5004}

3. Electrochemical C−N Functionalization of Arenes {#anie201711060-sec-0003}
==================================================

Primary aromatic amines are important structural motifs in organic chemistry. They are used for the synthesis of pharmaceuticals,[30](#anie201711060-bib-0030){ref-type="ref"} natural products,[31](#anie201711060-bib-0031){ref-type="ref"} dyes,[32](#anie201711060-bib-0032){ref-type="ref"} polymers,[33](#anie201711060-bib-0033){ref-type="ref"} and functional materials.[34](#anie201711060-bib-0034){ref-type="ref"} Therefore, an easy access to aniline derivatives is highly desired. Electrochemical methods for the C−N functionalization of aromatic compounds comprise pyridination[35](#anie201711060-bib-0035){ref-type="ref"} and acetamidation,[36](#anie201711060-bib-0036){ref-type="ref"} which date back to 1957 and 1966, respectively. Another strategy is the indirect cathodic amination of unsaturated and aromatic compounds with the Ti^III^/Ti^IV^ hydroxylamine system, which was extensively studied by Lisitsyn and co‐workers.[37](#anie201711060-bib-0037){ref-type="ref"} Direct anodic amination with ammonia or primary alkylamines is not viable owing to the low oxidation potentials of alkylamines (1.5‐1.6 V vs. the saturated calomel electrode (SCE))[38](#anie201711060-bib-0038){ref-type="ref"} and aniline derivatives (1.0 V vs. Ag/AgCl/saturated KCl).[39](#anie201711060-bib-0039){ref-type="ref"} Thus selective oxidation of aromatic substrates in the presence of alkylamines or the resulting anilines is not possible or leads to overoxidation of the aromatic substrate. Electrochemical C−N functionalization has been extensively reviewed.[40](#anie201711060-bib-0040){ref-type="ref"} Therefore, we will only focus on recent developments in this area.

3.1. Electrochemical C−H Amination {#anie201711060-sec-0004}
----------------------------------

In 2013, Yoshida and co‐workers presented a highly efficient method for the electrochemical C−H amination of activated arenes.[41](#anie201711060-bib-0041){ref-type="ref"}, [42](#anie201711060-bib-0042){ref-type="ref"}, [43](#anie201711060-bib-0043){ref-type="ref"} Upon anodic oxidation at a carbon felt anode and nucleophilic trapping of the generated radical cations with pyridine, pyridinium intermediates were obtained. Overoxidation was prevented by the strongly electron‐withdrawing effect of the positive charge. Subsequent aminolysis with piperidine released the free anilines (Scheme [5](#anie201711060-fig-5005){ref-type="fig"}). The functional group tolerance was remarkable (e.g., iodine substituents). However, only electron‐rich substrates (e.g., anisoles, π‐extended aromatic compounds) were successfully converted.

![Electrochemical C−H amination of activated arenes.[41](#anie201711060-bib-0041){ref-type="ref"}, [42](#anie201711060-bib-0042){ref-type="ref"}, [43](#anie201711060-bib-0043){ref-type="ref"}](ANIE-57-5594-g012){#anie201711060-fig-5005}

By employing boron‐doped diamond (BDD) anodes, Waldvogel and co‐workers were able to overcome the limitation to electron‐rich substrates,[44](#anie201711060-bib-0044){ref-type="ref"} and the method was successfully expanded to less activated 1,3‐dialkylarenes (Scheme [6](#anie201711060-fig-5006){ref-type="fig"}). Other anode materials including Pt showed strong fouling behavior as electropolymerization and carbonization is promoted at such positive potentials.

![Electrochemical C−H amination of less activated alkylated arenes at BDD anodes.[44](#anie201711060-bib-0044){ref-type="ref"}](ANIE-57-5594-g013){#anie201711060-fig-5006}

Electrochemical amination exclusively resulted in the formation of 2,4‐dialkylanilines. No functionalization of the benzylic position was observed. Even *p*‐xylene, mesitylene, and tetrahydronaphthalene were successfully aminated.

By using BDD anodes, Waldvogel and co‐workers were also the first to observe the direct twofold amination of naphthalene via a dipyridinium derivative (Scheme [7](#anie201711060-fig-5007){ref-type="fig"}).[45](#anie201711060-bib-0045){ref-type="ref"} This method provides an innovative access to the technically important bulk chemical 1,5‐diaminonaphthalene. Aromatic diamines are valuable precursors for the synthesis of polyurethanes, indispensable in our daily life.[46](#anie201711060-bib-0046){ref-type="ref"} In particular, the highly regioselective introduction of two amino moieties is of interest as it is a major challenge of conventional multistep processes.[47](#anie201711060-bib-0047){ref-type="ref"} The twofold amination method was successfully applied to diphenylmethane, triphenylmethane, biphenyl, and phenanthrene. However, in all cases, the formation of regioisomers was observed.

![Twofold electrochemical C−H amination of naphthalene.[45](#anie201711060-bib-0045){ref-type="ref"}](ANIE-57-5594-g014){#anie201711060-fig-5007}

Electrochemical amination of benzoxazoles by oxidative cross‐dehydrogenative couplings with secondary amines was reported by Zeng, Little, and co‐workers in 2014 (Scheme [8](#anie201711060-fig-5008){ref-type="fig"}).[48](#anie201711060-bib-0048){ref-type="ref"} Ring opening of the benzoxazole with an amine gave an *ortho*‐hydroxyamidine adduct, which underwent intramolecular cyclization into a benzoxazoline. Oxidation to the 2‐aminobenzoxazole was achieved by reaction with I^+^, electrochemically generated from tetrabutylammonium iodide. Thus the overall process is a mediated electrochemical dehydrogenative oxidation. The reaction tolerated methyl, chloro, and nitro substituents at the benzene moiety but nitro substituents led to significantly reduced yields. A variety of cyclic and acyclic secondary amines were successfully employed, whereas primary amines gave complex product mixtures.

![Electrochemical amination of benzoxazoles through oxidative dehydrogenative couplings.[48](#anie201711060-bib-0048){ref-type="ref"}](ANIE-57-5594-g015){#anie201711060-fig-5008}

The challenge of coupling functionalized primary alkylamines with arene substrates was solved by the Yoshida group with a heterocyclization approach (Scheme [9](#anie201711060-fig-5009){ref-type="fig"}).[49](#anie201711060-bib-0049){ref-type="ref"} The direct use of unprotected or protected primary amines was not possible owing to unselective oxidation, low nucleophilicity, or overoxidation. In contrast, heterocyclic compounds obtained by the reaction of functionalized amines with nitriles exhibit higher oxidation potentials than the aromatic starting materials, enabling selective oxidation. Furthermore, heterocycles are sufficiently nucleophilic towards the anodically generated radical cations. In addition, overoxidation was avoided as the positively charged intermediates are rather electron‐poor and electrostatically repelled. Subsequent ring opening of these cationic intermediates was achieved under non‐oxidative conditions by reaction with sodium bicarbonate or ethylenediamine (EDA). The obtained products feature common structural motifs of biologically and pharmaceutically active compounds.[50](#anie201711060-bib-0050){ref-type="ref"} This method was applicable to primary alkylamines with a hydroxy or amino group in the β‐ or γ‐position, providing five‐ and six‐membered heterocyclic compounds. The reaction scope included aromatic products generated from polycyclic arenes (naphthalene, phenanthrene, 9,9‐dimethylfluorene) as well as functionalized anisole derivatives containing iodo, ester, amide, nitrile, or *tert*‐butyl moieties.

![Anodic coupling of functionalized primary amines with aromatic compounds according to the heterocyclization approach.[49](#anie201711060-bib-0049){ref-type="ref"}](ANIE-57-5594-g016){#anie201711060-fig-5009}

3.2. Electrochemical Arylation of N‐Heterocycles {#anie201711060-sec-0005}
------------------------------------------------

In 2014, Yoshida and co‐workers reported the direct C−N coupling of N‐protected imidazoles with electron‐rich aromatic or benzylic substrates (Scheme [10](#anie201711060-fig-5010){ref-type="fig"}).[42](#anie201711060-bib-0042){ref-type="ref"},[43](#anie201711060-bib-0043){ref-type="ref"}, [51](#anie201711060-bib-0051){ref-type="ref"} To avoid overoxidation, N‐protected imidazoles, in particular *N*‐mesylimidazole, were used, yielding positively charged imidazolium intermediates after nucleophilic attack at the anodically generated cation. Treatment with piperidine yielded *N*‐aryl or *N*‐benzyl imidazoles, which are of significant relevance as biologically active compounds. The overall yields ranged from moderate to excellent (R=*p*‐OTs: 36 %, R=*p*‐Et: 99 %). Interestingly, a methyl group *para* to an electron‐releasing group promotes exclusive C−H functionalization at this benzylic position.

![Anodic coupling of N‐protected imidazoles with activated aromatic compounds.[42](#anie201711060-bib-0042){ref-type="ref"},[43](#anie201711060-bib-0043){ref-type="ref"},[51](#anie201711060-bib-0051){ref-type="ref"} Ts=*para*‐toluenesulfonyl.](ANIE-57-5594-g017){#anie201711060-fig-5010}

3.3. Synthesis of N‐Heterocyclic Compounds by Electrochemical C−N Functionalization {#anie201711060-sec-0006}
-----------------------------------------------------------------------------------

In contrast to previous Sections, we will herein discuss the construction of new N‐heterocyclic moieties by C−N bond formation (compare Section 6). A promising process for the electrochemical synthesis of 2‐aminobenzoxazoles and 2‐aminobenzothiazoles from (thio)phenols was also established by the Yoshida group (Scheme [11](#anie201711060-fig-5011){ref-type="fig"}).[42](#anie201711060-bib-0042){ref-type="ref"},[43](#anie201711060-bib-0043){ref-type="ref"}, [52](#anie201711060-bib-0052){ref-type="ref"} The intramolecular C−N coupling process circumvented the issue of regioselectivity, and the conversion of less activated substrates became viable. After installation of a 2‐pyrimidyl moiety at the hydroxy or thiol function, intramolecular anodic C−N functionalization yielded benzoxazolopyrimidinium and benzothiazolopyrimidinium derivatives. Ring opening with piperidine generated a broad variety of 2‐aminobenzoxazoles or the corresponding benzothiazoles. The functional group tolerance was remarkable, and even substrates with strongly electron‐withdrawing substituents were successfully converted.

![Intramolecular anodic C−N functionalization yielding 2‐aminobenzoxazoles or ‐thiazoles.[42](#anie201711060-bib-0042){ref-type="ref"},[43](#anie201711060-bib-0043){ref-type="ref"},[52](#anie201711060-bib-0052){ref-type="ref"}](ANIE-57-5594-g018){#anie201711060-fig-5011}

An electrochemical route to 1,4‐benzoxazin‐3‐ones, important structural motifs in natural products and in pharmaceutically active compounds, by anodic C−H amination of phenoxyacetate derivatives was established by the groups of Yoshida and Waldvogel (Scheme [12](#anie201711060-fig-5012){ref-type="fig"}).[53](#anie201711060-bib-0053){ref-type="ref"}, [54](#anie201711060-bib-0054){ref-type="ref"} Electrochemical oxidation of phenoxyacetate substrates afforded the corresponding pyridinium derivatives. Treatment with piperidine released the primary amine, which immediately attacked the ester moiety, yielding the desired benzoxazinone. To enable ring closure, the amination needs to occur *ortho* to the carboxymethoxy substituent. Thus the *ortho* position must be accessible and activated.

![Synthesis of 1,4‐benzoxazin‐3‐ones by electrochemical C−H amination.[53](#anie201711060-bib-0053){ref-type="ref"}](ANIE-57-5594-g019){#anie201711060-fig-5012}

This method was applicable to a broad range of phenoxyacetates and tolerated halogen substituents, which may serve as valuable leaving groups for subsequent functionalization. BDD anodes provided an appropriate electrochemical window for the conversion of fluorinated substrates. Despite the cationic nature of the intermediates, *tert*‐butyl groups were also tolerated.

3.4. Electrochemical Benzylic C−H Amination via Benzylaminosulfonium Ions {#anie201711060-sec-0007}
-------------------------------------------------------------------------

Yoshida and co‐workers elaborated an efficient procedure for the electrochemical benzylic C−H amination of different toluene derivatives (Scheme [13](#anie201711060-fig-5013){ref-type="fig"}).[55](#anie201711060-bib-0055){ref-type="ref"}, [56](#anie201711060-bib-0056){ref-type="ref"} Recently, an extension of the cation‐pool method to highly unstable benzylic cations was reported.[55](#anie201711060-bib-0055){ref-type="ref"} The electrochemically generated cations were stabilized as benzylaminosulfonium ions by reaction with *N*‐tosyl diphenylsulfilimine. Again, overoxidation was avoided because of the positive charge of the intermediate. Upon electrolysis, different aromatic nucleophiles were added to obtain the corresponding benzylic/aromatic cross‐coupling products. However, to achieve benzylic C−H amination, N−S bond cleavage without cleavage of the C−N bond was envisioned.[56](#anie201711060-bib-0056){ref-type="ref"} In fact, the Yoshida group successfully converted the *N*‐tosyl benzylaminosulfonium ion into the corresponding *N*‐tosyl benzylamine by treatment with Bu~4~NI. This procedure was applicable to various toluene derivatives, tolerating halogen, ketone, ester, ether, and nitro moieties, to provide the corresponding benzylamines in good yields (up to 90 %). For substrates with two benzylic C−H bonds, the monoaminated product was selectively obtained, and secondary benzylic C−H bonds could also be aminated.

![Electrochemical benzylic C−H amination of toluene derivatives.[56](#anie201711060-bib-0056){ref-type="ref"} NPhth=phthalimide.](ANIE-57-5594-g020){#anie201711060-fig-5013}

3.5. Metal‐Catalyzed Electrochemical C−N Bond Formation {#anie201711060-sec-0008}
-------------------------------------------------------

Recently, Baran and co‐workers reported an electrochemically enabled nickel‐catalyzed cross‐coupling between aryl halides and alkyl amines that proceeded under mild reaction conditions to give the desired products in yields of up to 87 % (Scheme [14](#anie201711060-fig-5014){ref-type="fig"}).[57](#anie201711060-bib-0057){ref-type="ref"} Starting from Ni^II^, a low‐valent Ni catalyst is formed in situ at the cathode to enable oxidative addition of the aryl halide. Concurrently, the anodic reaction is used for the intermediate formation of a nickel species in a high oxidation state to facilitate reductive elimination of the cross‐coupling products. Aside from secondary and primary amines, amides and alcohols were used as nucleophiles. Owing to the higher reactivity of the Ni catalyst compared to a Pd or Cu catalyst, less reactive electrophiles (e.g., aryl chlorides) could be employed. Heteroaryl halides as well as substrates with various electron‐withdrawing groups were also tolerated. As no excess of a strong base such as an alkoxide is required, the scope is unusually broad and the process practical.

![Electrochemically enabled nickel‐catalyzed amination of aryl halides.[57](#anie201711060-bib-0057){ref-type="ref"} DBU=1,8‐diazabicyclo\[5.4.0\]undec‐7‐ene, di‐^*t*^Bubpy=4,4′‐di‐*tert*‐butyl‐2,2′‐dipyridine, RVC= reticulated vitreous carbon.](ANIE-57-5594-g021){#anie201711060-fig-5014}

A manganese‐catalyzed electrochemical route to 1,2‐diazides proceeding through oxidation of an azide or a Mn^II^--azide complex and addition of the resulting azidyl radicals to alkenes was established by Lin and co‐workers.[58](#anie201711060-bib-0058){ref-type="ref"} This process has recently been reviewed by the Baran group.[11](#anie201711060-bib-0011){ref-type="ref"}

4. Kolbe Electrolysis {#anie201711060-sec-0009}
=====================

The Kolbe electrolysis is one of the oldest electroorganic reactions. First performed by Faraday in 1834[59](#anie201711060-bib-0059){ref-type="ref"} and further studied by Kolbe in 1849,[60](#anie201711060-bib-0060){ref-type="ref"} it is a general method for the electrochemical conversion of ubiquitous carboxylic acids. Radical and cation intermediates determine the outcome of the reaction. The Kolbe electrolysis is generally applicable to a broad range of substrates. However, this method requires very high current densities, leading to limited functional group tolerance. Moreover, the intermediate generation of radicals or cations may result in side reactions. The radical generation in the Kolbe electrolysis relies on an oxidative decarboxylation. Radicals can undergo dimerization, cross‐coupling, or cyclization, depending on the substrate structure and available reaction partners. If a second oxidation to the corresponding cation occurs, this "non‐Kolbe" pathway includes fragmentation, rearrangement, elimination, or nucleophile addition (Scheme [15](#anie201711060-fig-5015){ref-type="fig"}). In case of water addition, this process is called Hofer--Moest reaction.[61](#anie201711060-bib-0061){ref-type="ref"} If the electron transfer to the carboxylic acid occurs from a tethered moiety with a lower oxidation potential, such as electron‐rich arenes, the reaction is termed pseudo‐Kolbe reaction.[62](#anie201711060-bib-0062){ref-type="ref"}

![General steps of Kolbe electrolysis. Nu=nucleophile.](ANIE-57-5594-g022){#anie201711060-fig-5015}

The outcome of a Kolbe electrolysis depends mainly on the reaction conditions. Current density, substrate concentration, and pH value are major factors.[63](#anie201711060-bib-0063){ref-type="ref"} The formation of a carboxylate layer on the anode seems to be crucial for the reactions, while solvent gets desorbed. High current densities (\>250 mA cm^−2^) are recommended to favor this layer formation, and a suitable pH value ensures carboxylate formation. As the Kolbe method was developed a long time ago, most work was done in the last century. Nevertheless, there are some examples of synthetically relevant applications developed after 2000. Schäfer and co‐workers summarized the work done until 1990 in a clear review article.[64](#anie201711060-bib-0064){ref-type="ref"} With regards to the conversion of fatty acids as renewables, a more recent article exists.[65](#anie201711060-bib-0065){ref-type="ref"} In general, present‐day research on Kolbe electrolysis focuses on the generation of large‐scale products such as biofuels[66](#anie201711060-bib-0066){ref-type="ref"} or adiponitrile.[67](#anie201711060-bib-0067){ref-type="ref"} In the following, we will highlight some contributions that represent synthetically relevant developments of the Kolbe electrolysis.

A cyclization process described by Markó and co‐workers is a promising example of a Kolbe electrolysis. Five‐ and six‐membered rings were formed in a radical cascade reaction in yields of up to 90 % (Scheme [16](#anie201711060-fig-5016){ref-type="fig"}).[68](#anie201711060-bib-0068){ref-type="ref"} This reaction combined a two‐fold Kolbe electrolysis of both the substrate and acetic acid with an intramolecular radical cyclization reaction. This cyclization was particularly successful when the nucleophilic carbon radical added to the double bond of an α,β‐unsaturated carbonyl compound.

![Radical cascade reaction induced by a Kolbe electrolysis.[68](#anie201711060-bib-0068){ref-type="ref"} Bn=benzyl.](ANIE-57-5594-g023){#anie201711060-fig-5016}

Becker and co‐workers developed a method to access 1,2‐disilylethanes in promising yields, whereby the concurrence of Kolbe dimerization and non‐Kolbe products was studied. The current efficiency was relatively high, and current densities of 250 mA cm^−2^ were applied (Scheme [17](#anie201711060-fig-5017){ref-type="fig"}).[69](#anie201711060-bib-0069){ref-type="ref"}

![Kolbe dimerization of α‐silylacetic acids.[69](#anie201711060-bib-0069){ref-type="ref"}](ANIE-57-5594-g024){#anie201711060-fig-5017}

Seebach and co‐workers developed a non‐Kolbe electrolysis with protected 4‐hydroxyproline derivatives to obtain the corresponding methoxy‐substituted products in high yields for follow‐up reactions (Scheme [18](#anie201711060-fig-5018){ref-type="fig"}).[70](#anie201711060-bib-0070){ref-type="ref"}

![Non‐Kolbe conversion of an enantiomerically pure protected 4‐hydroxyproline.[70](#anie201711060-bib-0070){ref-type="ref"} TBS=*tert*‐butyldimethylsilyl.](ANIE-57-5594-g025){#anie201711060-fig-5018}

Markó and co‐workers developed a process to access ketones by twofold oxidative decarboxylation of disubstituted malonic acids.[71](#anie201711060-bib-0071){ref-type="ref"} The addition of NH~3~ was crucial for the success of the reaction as it stabilized the corresponding carboxylate. Typical for Kolbe reactions, high current densities of up to 90 mA cm^−2^ were used. However, the current efficiency was low (Scheme [19](#anie201711060-fig-5019){ref-type="fig"}).

![Non‐Kolbe electrolysis for the generation of ketones from disubstituted malonic acids.[71](#anie201711060-bib-0071){ref-type="ref"}](ANIE-57-5594-g026){#anie201711060-fig-5019}

The important roles of additives, bases, and their interactions with the carboxylic acid substrates were further studied by Tajima and co‐workers. A solid‐supported piperidine base was used for a non‐Kolbe methoxylation,[72](#anie201711060-bib-0072){ref-type="ref"} a Kolbe dimerization,[73](#anie201711060-bib-0073){ref-type="ref"} as well as a mixed dimerization[74](#anie201711060-bib-0074){ref-type="ref"} without the need for any further electrolytes. Schäfer and co‐workers recently developed a Kolbe homo‐coupling and cross‐coupling of menthol derivatives with different butyric acids.[75](#anie201711060-bib-0075){ref-type="ref"} This method has only restricted applicability, but nevertheless, radical‐based diastereoselective additions are mechanistically interesting.

There are further examples of exotic synthetic applications and detailed studies of the Kolbe electrolysis.[76](#anie201711060-bib-0076){ref-type="ref"} However, this method has some major drawbacks related to the harsh reaction conditions and the limited functional group tolerance. This process is mainly interesting with regard to the large‐scale synthesis of small molecules as high current densities are favorable for industrial processes.

5. Electrochemical Arene Couplings {#anie201711060-sec-0010}
==================================

The chemical modification of aromatic substrates is of general interest for modern organic chemistry. In particular, biaryls are structural motifs of importance in a variety of different disciplines, such as in materials and pharmaceutical science, and are especially common in natural products and potent ligand systems for several applications.[77](#anie201711060-bib-0077){ref-type="ref"} Biaryls can be synthesized by transition‐metal catalysis in combination with prefunctionalized arenes or by using chemical redox agents to activate C−H or C−X bonds. All of these methods produce a significant amount of reagent waste or suffer from unselective bond formation. Different methods have been developed to combine common coupling reactions with electrochemical synthesis or to carry out metal‐ and reagent‐free electrochemical coupling reactions. This section is divided into several subsections. The first two subsections will deal with cathodic and anodic electrochemical conversions of prefunctionalized aromatic compounds into biaryls, whereas the latter two subsections focus on more modern and atom‐economic direct electrochemical coupling reactions by C−H activation.

5.1. Cathodic Couplings of Prefunctionalized Arenes {#anie201711060-sec-0011}
---------------------------------------------------

The prefunctionalization of both substrates is the most reliable means to ensure regioselective formation of the desired C−C bond. Methods for cathodic coupling reactions of prefunctionalized arenes focus on the transformation of aryl halides. Typically, either sacrificial materials, such as Mg electrodes, are directly used for the desired coupling reaction of aryl halides, or transition‐metal catalysts (e.g., Pd‐ or Ni‐based) can be electrochemically regenerated and combined with prefunctionalized arenes. The main disadvantage of these coupling reactions is the poor atom economy. Prefunctionalization of both coupling partners has to be carried out by conventional methods, and both activating groups as well as the transition‐metal catalyst and the sacrificed electrode material result in reagent waste. Furthermore, many methods are limited to homo‐coupling, in the sense that one arene undergoes dimerization, accompanied by loss of the activating group (Scheme [20](#anie201711060-fig-5020){ref-type="fig"}).

![General reaction scheme for electrochemical coupling reactions of prefunctionalized arenes. For most reactions, R^1^=R^2^ and X=Y.](ANIE-57-5594-g027){#anie201711060-fig-5020}

An interesting protocol dealing with the cathodic coupling of aromatic halides by utilization of Mg electrodes was reported by Kim and co‐workers.[78](#anie201711060-bib-0078){ref-type="ref"} Electrolysis was carried out at a high current density of 41 mA cm^−2^ in THF with LiClO~4~ as the supporting electrolyte. The authors reported minimization of Mg electrode consumption to 5 wt % when cathode and anode were interchanged every 30 s. However, this statement was not precise as this value referred to 95 % of the mass of the Mg electrode being recovered and was not normalized to the amount of consumed starting material. Electrolysis of bromobenzene gave biphenyl in a good yield of 62 %, and mono‐ and dibenzyl bromides could also be coupled with this method. Nevertheless, the scope was limited.

The use of transition‐metal catalysts, in particular Pd systems, in combination with electrochemistry for the reductive coupling of aryl halides has been intensively studied. The cathodic action leads to umpolung of the Pd intermediate, which generates a catalytically active species that can be used for C−C bond couplings between aryl halides (Scheme [21](#anie201711060-fig-5021){ref-type="fig"}).

![Catalytic cycle for the reductive coupling of aryl halides by electrochemical regeneration of active Pd complexes.](ANIE-57-5594-g028){#anie201711060-fig-5021}

Early studies in this field were carried out by Torii and co‐workers.[79](#anie201711060-bib-0079){ref-type="ref"} Electrolysis was carried out under constant current conditions (2.5 mA cm^−2^) in an H‐type divided cell, with a Pb cathode and a Pt anode in DMF with Et~4~NOTs as the supporting electrolyte. The use of Pd catalysts and their direct electroreductive regeneration enabled the formation of a variety of symmetric biaryls from aryl, naphthyl, and pyridyl halides in good yields (16--99 %). Arene cross‐couplings have only been achieved with equimolar amounts of a Pd catalyst in a two‐step reaction sequence. Further studies on Pd catalysts in combination with electrochemistry have been carried out by Tanaka and co‐workers. The electrolysis of aryl halides (Scheme [22](#anie201711060-fig-5022){ref-type="fig"}) was carried out in the presence of a Pd catalyst and either *N*,*N′*‐dialkyl 4,4‐bipyridinium‐[80](#anie201711060-bib-0080){ref-type="ref"} or *N*‐alkyl 4‐alkoxycarbonylpyridinium based‐mediators[81](#anie201711060-bib-0081){ref-type="ref"} at Pt cathodes in undivided cells. The homo‐coupling of a variety of aryl bromides with electron‐withdrawing substituents proceeded in good yields, whereas the presence of electron‐donating substituents resulted in lower yields. To achieve electrolysis in undivided cells, sacrificial anodes such as Mg rods or Zn plates were required to prevent electrochemical oxidation of the mediator or halides prior to reactivation of the Pd catalyst. The synthesized biaryl derivatives are depicted in Scheme [22](#anie201711060-fig-5022){ref-type="fig"}.

![A selection of biaryls synthesized by electroreductive coupling reactions.[79](#anie201711060-bib-0079){ref-type="ref"},[80](#anie201711060-bib-0080){ref-type="ref"} sm=starting material.](ANIE-57-5594-g029){#anie201711060-fig-5022}

Aside from the electrochemical regeneration of soluble Pd catalysts, Rothenberg and co‐workers reported on the use of a solid palladium electrode for Ullmann‐type couplings of aryl iodides and aryl bromides in 2006 (Scheme [23](#anie201711060-fig-5023){ref-type="fig"}).[82](#anie201711060-bib-0082){ref-type="ref"} The electrolysis was carried out in an ionic liquid as the electrolyte. Constant current conditions of 10 mA were applied on a solution of the aryl halide and a Pd anode in combination with a Pt cathode. First, the in situ formation of palladium nanoparticles was observed. These nanoparticles were responsible for the catalytic Ullmann‐type homo‐coupling and the selective formation of biaryls in good yields. The authors reported the overall loss of Pd being equivalent to 0.1 mol % relative to the used amount of aryl halide.

![Electroreductive homo‐coupling with palladium nanoparticles electrochemically generated from solid palladium electrodes.[82](#anie201711060-bib-0082){ref-type="ref"}](ANIE-57-5594-g030){#anie201711060-fig-5023}

A cost‐efficient alternative to the use of Pd catalysts is based on the combination of Ni catalysts and aryl halides for electroreductive coupling reactions. The concept behind this transformation is the electrochemical regeneration of low‐valent Ni complexes. These are well‐known to enable C−C bond formation when applied in equimolar amounts in conventional syntheses. Numerous investigations on these aryl--aryl coupling reactions have been carried out. Early reports by Jennings[83](#anie201711060-bib-0083){ref-type="ref"} were followed by mechanistic investigations by Périchon and co‐workers,[84](#anie201711060-bib-0084){ref-type="ref"} and the applied catalyst was further improved by Fox and co‐workers.[85](#anie201711060-bib-0085){ref-type="ref"}

Here, the reactions were carried out under argon atmosphere in a divided cell. The use of a carbon cloth cathode offered a large surface area while the applied sacrificial lithium anodes seem to be untypical. The use of DMSO as a polar solvent with a high donor number was crucial for effective coupling reactions. The authors surmised that this effect was due to the increased stability of the generated Ni^0^ catalysts, as well as the large separation of the electrochemical potentials for reduction of the aryl halide and the propagation of the catalytic cycle in DMSO, which prevents competing dehalogenation. Instrument‐based simplifications for the application of Ni catalysts were initiated by Troupel and co‐workers.[86](#anie201711060-bib-0086){ref-type="ref"} This setup has been further optimized by Léonel, Gosmini, and Périchon in several publications, which extended the scope of this reaction to the cross‐coupling of N‐heterocyclic halides, for example, pyridine,[87](#anie201711060-bib-0087){ref-type="ref"} pyridazine,[88](#anie201711060-bib-0088){ref-type="ref"} pyrimidine,[89](#anie201711060-bib-0089){ref-type="ref"}, [90](#anie201711060-bib-0090){ref-type="ref"} and pyrazine derivatives,[89](#anie201711060-bib-0089){ref-type="ref"} with aryl halides, as well as the cross‐coupling of heterocyclic halides.[87](#anie201711060-bib-0087){ref-type="ref"} The general setup with nickel 2,2′‐bipyridine complexes as catalysts, a nickel foam cathode, and a sacrificial anode (Mg, Zn, Fe, or Fe/Ni) remained unchanged. For the selective formation of cross‐coupling products, the combination of different halogen substituents on the coupling partners or reactivity differences with the catalyst due to the distinct electronic structures of both aryl halides are necessary. A collection of the synthesized heterobiaryls are shown in Scheme [24](#anie201711060-fig-5024){ref-type="fig"}.

![Heterobiaryls synthesized by reductive electrochemical cross‐couplings of aryl halides mediated by nickel complexes.[87](#anie201711060-bib-0087){ref-type="ref"}, [88](#anie201711060-bib-0088){ref-type="ref"}, [89](#anie201711060-bib-0089){ref-type="ref"}, [90](#anie201711060-bib-0090){ref-type="ref"}](ANIE-57-5594-g031){#anie201711060-fig-5024}

In addition, Gosmini and co‐workers reported cobalt catalysts for the cross‐coupling of aryl halides with heteroaryl halides[91](#anie201711060-bib-0091){ref-type="ref"} or with aryl halides[92](#anie201711060-bib-0092){ref-type="ref"} under otherwise similar conditions.

5.2. Anodic Couplings of Prefunctionalized Arenes {#anie201711060-sec-0012}
-------------------------------------------------

Anodic couplings of prefunctionalized arenes can be performed with electropositive substituents, such as aryl boronic acids, aryl boronates, and aryl trifluoroborates, in combination with Pd catalysts. Similar to the reductive protocols, the main disadvantages are the poor atom economy and the sophisticated preparation of starting materials by conventional methods. Electrooxidative homo‐couplings to biaryls with Pd catalysts have been investigated by the groups of Amatore, Tanaka, and others.[93](#anie201711060-bib-0093){ref-type="ref"}, [94](#anie201711060-bib-0094){ref-type="ref"} The key step in all proposed mechanisms is the anodic regeneration of active Pd^II^ species from Pd^0^, generated in situ by the coupling reaction. As depicted in Scheme [25](#anie201711060-fig-5025){ref-type="fig"}, the use of organic mediators such as benzoquinone or TEMPO was essential for the reported reactions to proceed.

![Oxidative coupling of aryl boronic acids by electrooxidative regeneration of Pd^II^ species using TEMPO as a mediator.[94](#anie201711060-bib-0094){ref-type="ref"}](ANIE-57-5594-g032){#anie201711060-fig-5025}

The proposed mechanism is closely related to those of the reductive homo‐coupling reactions described before. The reactions are typically carried out in the anodic compartment of a divided cell. Constant current conditions, with a current density of 3.3 mA cm^−2^ at the Pt electrode, were reported with TEMPO as a mediator.[94](#anie201711060-bib-0094){ref-type="ref"} Electrochemical oxidation with *para*‐benzoquinone as the mediator was investigated at constant potentials of +0.75 V using a carbon cloth anode and a saturated calomel reference electrode.[93](#anie201711060-bib-0093){ref-type="ref"} In contrast to the reductive pathway, aryl boronic acids gave the desired biaryls in good yields with electron‐withdrawing as well as electron‐releasing substituents. A collection of different coupling products are depicted in Scheme [26](#anie201711060-fig-5026){ref-type="fig"}. Whereas the electrochemical reactions had to be carried out under inert atmosphere (argon) and in divided cells, one positive feature was the use of water or water‐dominated organic solvent mixtures.

![A selection of biaryls synthesized by electrooxidative couplings of aryl boronic acids.[93](#anie201711060-bib-0093){ref-type="ref"},[94](#anie201711060-bib-0094){ref-type="ref"}](ANIE-57-5594-g033){#anie201711060-fig-5026}

5.3. Reductive Couplings by C−H Activation {#anie201711060-sec-0013}
------------------------------------------

In general, the application of electrochemistry enables the development of sustainable processes. To prevent the formation of chemical waste in coupling reactions, C−H bond activation is favorable. Only a few attempts have been made towards the cathodic coupling of arenes by C−H activation. Reductive electrochemical couplings focus on the C−H activation of one coupling partner, with an aryl halide as the other coupling partner. Procedures following this concept include early reports by Thiébault and co‐workers, who described cross‐couplings of phenols with arenes[95](#anie201711060-bib-0095){ref-type="ref"} as well as heteroarenes.[96](#anie201711060-bib-0096){ref-type="ref"} The electrolysis was carried out in liquid ammonia under constant‐current conditions. The reactions took place at a Pt grid cathode in combination with a sacrificial Mg anode. To prevent the formation of regioisomers, the authors focused on the cross‐coupling of 2,4‐ or 2,6‐di‐*tert*‐butylphenols with various arenes. The application of various mediators and basic additives was also studied.

Such electroreductive coupling reactions were recently investigated by Atobe and co‐workers,[97](#anie201711060-bib-0097){ref-type="ref"} who achieved the C−C cross‐coupling of an aryl halide with a second arene. The mechanistic rationale is shown in Scheme [27](#anie201711060-fig-5027){ref-type="fig"}, and was described to involve a single electron transfer to the aryl halide and subsequent dehalogenation to give an aryl radical. This radical is attacked by the coupling partner to form the C−C bond. Rearomatization is achieved by base‐assisted proton abstraction and electron transfer from the radical anion to the starting material.

![Mechanism for the electroreductive coupling of aryl halides with arenes, shown for the reaction of 4‐iodotoluene with benzonitrile.[97](#anie201711060-bib-0097){ref-type="ref"}](ANIE-57-5594-g034){#anie201711060-fig-5027}

These reactions were carried out in a divided cell in DMF under constant‐current conditions (15--30 mA cm^−2^) using Pt electrodes. The presence of base was indispensable. Unfortunately, most yields were determined by NMR analysis with an internal standard (11--49 %), and only one product was isolated, namely that of the model reaction of 4‐iodotoluene and benzonitrile, in rather low yield (21 %, with regioisomers *o*/*p=*62:38).

5.4. Anodic Couplings by C−H Activation {#anie201711060-sec-0014}
---------------------------------------

Electrochemical coupling reactions by twofold C−H activation are ideal candidates for the development of sustainable processes as no leaving groups are required. Typically, twofold C−H activation for biaryl formation was performed by anodic treatment of starting materials. Several conversions of this type were already investigated in the early‐ to mid‐20th century.[98](#anie201711060-bib-0098){ref-type="ref"} Nevertheless, these investigations mostly comprised uncontrolled electrolysis reactions of arenes and in particular phenols, leading to unpredictable product mixtures. Therefore, this Section will focus on a selection of reports, summarizing strategies to achieve selective C−H activation reactions of arenes. General problems for twofold anodic C−H activation include the formation of diverse product mixtures because of unselective oxidation processes, the decomposition of oxidized intermediates, and high tendencies towards side reactions. Furthermore, the formed biaryls can have lower oxidation potentials than the starting materials, making them prone to overoxidation.[99](#anie201711060-bib-0099){ref-type="ref"} Several strategies have been investigated to overcome these problems.

The application of Pd catalysts for electrooxidative coupling reactions by C−H activation was investigated by Kakiuchi and co‐workers.[100](#anie201711060-bib-0100){ref-type="ref"} When aryl pyridines were used in combination with a Pd catalyst and iodine as a redox mediator, the aryl pyridines were homo‐coupled in the *ortho* position of the arene moiety owing to precoordination of the mediator (Scheme [28](#anie201711060-fig-5028){ref-type="fig"}).

![General reaction scheme for the anodic coupling of aryl pyridines by C−H activation.[100](#anie201711060-bib-0100){ref-type="ref"}](ANIE-57-5594-g035){#anie201711060-fig-5028}

The activation of remote C−H bonds by pyridines in the *ortho*‐position of an attached aryl group is well‐known for conventional Pd coupling reactions.[101](#anie201711060-bib-0101){ref-type="ref"} Regeneration of the catalyst, typically carried out with oxidizers, was realized in the anodic compartment of a divided cell at a Pt electrode. This method was limited to aryl pyridines, which significantly lowers its viability.

Whereas prefunctionalization was not necessary, transition‐metal catalysts (Pd‐based) were still required. The direct conversion of the starting material at the anode is favorable to design green processes. Typically, the mechanistic rationale for a direct anodic coupling of arenes comprises several steps (Scheme [29](#anie201711060-fig-5029){ref-type="fig"}). First, one arene is oxidized, forming a radical cation. This reactive intermediate is attacked by a nucleophilic coupling partner to form the desired C−C bond. Rearomatization of the biaryl occurs in a second oxidation step, either at the anode or in solution.

![Mechanistic rationale for anodic aryl--aryl coupling reactions.](ANIE-57-5594-g036){#anie201711060-fig-5029}

A well‐investigated example is the anodic trimerization of 1,2‐dialkoxybenzenes.[102](#anie201711060-bib-0102){ref-type="ref"} Waldvogel and co‐workers reported an effective procedure for the anodic synthesis of triphenyleneketals by trimerization of catechols (Scheme [30](#anie201711060-fig-5030){ref-type="fig"}).[103](#anie201711060-bib-0103){ref-type="ref"} The authors optimized the electrochemical protocols, which usually only gave low yields. Key for successful electrolysis in an undivided cell was the application of propylene carbonate in combination with Me~4~NBF~4~ or Bu~4~NBF~4~ as the supporting electrolyte. As the trimerization product is poorly soluble in this mixture, overoxidation was circumvented. The products were obtained in yields of up to 80 %.

![Anodic couplings of catechols to triphenyleneketals.[103](#anie201711060-bib-0103){ref-type="ref"}](ANIE-57-5594-g037){#anie201711060-fig-5030}

An elegant approach to guarantee regioselective bond formation and inhibit overoxidation involves template‐directed reactions. Waldvogel and co‐workers reported a protocol for template‐directed anodic phenol coupling reactions (Scheme [31](#anie201711060-fig-5031){ref-type="fig"}).[104](#anie201711060-bib-0104){ref-type="ref"} Here, NaB(OAr)~4~ was prepared by a two‐step synthesis. This salt served as starting material and supporting electrolyte in the subsequent anodic coupling reaction. The electrolysis was carried out in an undivided cell equipped with Pt electrodes. A current density of 12.5 mA cm^−2^ was applied, and the polarity was reversed every 60 s to avoid electrode coating. The authors found that a ligand interchange between the formed borates was crucial for achieving conversions greater than 50 %. This approach can be used for the conversion of large amounts of substrate (20--3000 g).

![Template‐directed anodic phenol coupling sequence.[104](#anie201711060-bib-0104){ref-type="ref"}](ANIE-57-5594-g038){#anie201711060-fig-5031}

The direct oxidative C−H/C−H cross‐coupling of two different arenes is challenging as one coupling partner has to be selectively oxidized. Otherwise, statistical formation of homo‐ and cross‐coupling products will take place upon non‐selective oxidation. This would lead to moderate yields of the desired cross‐coupling products in the best case. Additionally, overoxidation of the obtained biaryls might lower the overall yield and result in the formation of oligomeric side products. An extremely elegant way to achieve the formation of non‐symmetric biaryls by electrochemical oxidation is the "radical cation pool" method, which was established by Yoshida and co‐workers (Scheme [32](#anie201711060-fig-5032){ref-type="fig"}).[105](#anie201711060-bib-0105){ref-type="ref"} The idea behind this method is based on the separation of the oxidation and coupling events in time and space to prevent homo‐coupling and overoxidation. This concept will be surveyed in detail in a follow‐up Review on electrochemical methods.[173](#anie201711060-bib-0173){ref-type="ref"} It should be noted that unactivated arenes can be coupled in good yields and with high selectivity with this method. However, the reactions have to be carried out at low temperatures and on a very small scale (0.1 mmol). Therefore, this method is less attractive for large‐scale synthesis.

![The radical cation pool method for C−H/C−H cross‐couplings of arenes.[105](#anie201711060-bib-0105){ref-type="ref"}](ANIE-57-5594-g039){#anie201711060-fig-5032}

Atobe and co‐workers developed another approach to separate the electrochemical oxidation from the coupling event to obtain cross‐coupling products by twofold arene C−H activation.[106](#anie201711060-bib-0106){ref-type="ref"} The use of a microflow reactor with two inlets enabled the formation of a liquid--liquid parallel laminar flow phase and enabled the selective formation of the desired cross‐coupling products (Scheme [33](#anie201711060-fig-5033){ref-type="fig"}). This unique method will also be discussed in detail in our Review on electrochemical methods.[173](#anie201711060-bib-0173){ref-type="ref"}

![Schematic illustration of the liquid--liquid parallel laminar flow in an electrochemical microflow reactor for arene--arene cross‐couplings. The dashed line represents the liquid--liquid border of the laminar flow.[106](#anie201711060-bib-0106){ref-type="ref"}](ANIE-57-5594-g040){#anie201711060-fig-5033}

A different approach was investigated by Waldvogel and co‐workers for the selective electrochemical homo‐ and cross‐coupling of phenols, arenes, and aniline derivatives. The distinct solvation properties of the starting materials and reactive intermediates and the unique solvent effects of 1,1,1,3,3,3‐hexafluoropropan‐2‐ol (HFIP) led to high yields and selectivities in the anodic synthesis of coupling products in undivided cells.[107](#anie201711060-bib-0107){ref-type="ref"} Solvation by HFIP not only stabilized the reactive intermediates, but also decoupled the nucleophilicity from the oxidation potential owing to the diverse solvation properties of the coupling partners, making cross‐couplings possible. The yield and selectivity could be increased in many cases with additives, such as water or methanol, that influence the solvation. Electrochemical cross‐couplings of phenols with arenes[108](#anie201711060-bib-0108){ref-type="ref"} or other phenols[109](#anie201711060-bib-0109){ref-type="ref"}, [110](#anie201711060-bib-0110){ref-type="ref"} showcase the broad applicability of this method. Additionally, comparison of the electrochemical cross‐couplings of phenols with the same products synthesized by oxidative couplings using chemical oxidizers demonstrated that this electrochemical cross‐coupling can easily compete with conventional methods.[109](#anie201711060-bib-0109){ref-type="ref"} Recent studies have highlighted its robustness,[111](#anie201711060-bib-0111){ref-type="ref"} and extended the applicability of this process to the electrochemical synthesis of partially protected non‐symmetric biphenols,[112](#anie201711060-bib-0112){ref-type="ref"} protected bianiline derivatives[113](#anie201711060-bib-0113){ref-type="ref"} (Scheme [34](#anie201711060-fig-5034){ref-type="fig"}, top), and *m*‐terphenyl‐2,2′′‐diols by twofold C−C cross‐coupling[114](#anie201711060-bib-0114){ref-type="ref"} (Scheme [34](#anie201711060-fig-5034){ref-type="fig"}, bottom). The cross‐coupling of phenols with heterocycles was recently described.[115](#anie201711060-bib-0115){ref-type="ref"} All products can be synthesized on multigram scale. The use of high current densities was established in first experiments, and has to be tested for further substrate combinations.[111](#anie201711060-bib-0111){ref-type="ref"}

![Various electrochemical cross‐couplings enabled by C−H activation developed by Waldvogel and co‐workers.[107](#anie201711060-bib-0107){ref-type="ref"}, [108](#anie201711060-bib-0108){ref-type="ref"}, [109](#anie201711060-bib-0109){ref-type="ref"}, [110](#anie201711060-bib-0110){ref-type="ref"}, [111](#anie201711060-bib-0111){ref-type="ref"}, [112](#anie201711060-bib-0112){ref-type="ref"}, [113](#anie201711060-bib-0113){ref-type="ref"}, [114](#anie201711060-bib-0114){ref-type="ref"}](ANIE-57-5594-g041){#anie201711060-fig-5034}

6. Electrochemical Synthesis of Heterocycles {#anie201711060-sec-0015}
============================================

Heterocycles are omnipresent structural motifs in organic chemistry. Most natural products and pharmaceutically active compounds contain heterocycles. In classic organic chemistry, methods for the synthesis of heterocycles are often based on condensation reactions. Elevated temperatures and the use of acid or base catalysts are a major attribute of these processes. Over the last decades, innovative methods such as transition‐metal‐catalyzed C−H activations and oxidations with hypervalent iodine have facilitated the synthesis of several valuable structures.[116](#anie201711060-bib-0116){ref-type="ref"}

Electrochemical routes for the construction of heterocycles have always been an important area of research. Direct or mediated electrochemical oxidation or reduction can initiate an intramolecular or intermolecular cyclization by formation of a radical or radical ion. This umpolung step normally proceeds at the functional group with the easiest accessible redox potential. Ring closure to generate the heterocycle proceeds by C−C, C−Het, or Het−Het bond formation. The progress made in this field has previously been summarized in the 1970s, 1980s, and 1990s by Lund and Tabacovic.[117](#anie201711060-bib-0117){ref-type="ref"} More recently, Francke[118](#anie201711060-bib-0118){ref-type="ref"} and Zeng et al.[119](#anie201711060-bib-0119){ref-type="ref"} discussed some of these studies. The aim of this Section is to focus on progress made in recent years. It mainly deals with the reactivity of nitrogen‐centered radicals, which has turned into a topic of great significance.

Moeller and co‐workers recently reported several ways to trap radical cations that had been anodically generated from electron‐rich olefins by intramolecular cyclization. Different tethered nucleophiles served as the trapping moiety, including alcohols, amines, and sulfonamides. By variation of the nucleophile and the ring size, five‐, six‐,[120](#anie201711060-bib-0120){ref-type="ref"} and seven‐membered[121](#anie201711060-bib-0121){ref-type="ref"} rings containing oxygen and nitrogen heteroatoms were accessible. In general, oxidation could also occur at the nucleophile followed by intramolecular electron transfer or addition of the olefin to the generated radical (Scheme [35](#anie201711060-fig-5035){ref-type="fig"}).

![General cyclization of olefins with trapping nucleophiles.](ANIE-57-5594-g042){#anie201711060-fig-5035}

After cyclization, a second oxidation occurred, and the intermediate was trapped with either methanol or another tethered nucleophile. The enormous potential of such conversions was greatly expanded by variation of the reaction conditions. The replacement of methanol as the second trapping group with another tethered nucleophile enabled the sequential formation of two heterocycles in a one‐pot process. The example in Scheme [36](#anie201711060-fig-5036){ref-type="fig"} shows only one of several possibilities in detail. The use of 2,6‐lutidine instead of lithium methoxide led to fast trapping by the sulfonamide and subsequent attack of the alcohol, while the yields were still high.

![Exemplary competitive cyclizations with different bases.[120b](#anie201711060-bib-0120b){ref-type="ref"}](ANIE-57-5594-g043){#anie201711060-fig-5036}

Moeller and co‐workers expanded the synthetic scope to amides and reported the first direct electrochemical generation of amidyl radicals.[122](#anie201711060-bib-0122){ref-type="ref"} The use of amides and anilides enabled the direct synthesis of lactams as valuable core structures (Scheme [37](#anie201711060-fig-5037){ref-type="fig"}). Mechanistically, the olefin served as the trapping group as the oxidation potential of the deprotonated amide anion was shown to be lower in cyclic voltammetry studies.

![Anodic cyclization of amides to lactams.[122](#anie201711060-bib-0122){ref-type="ref"} EDG=electron‐donating group.](ANIE-57-5594-g044){#anie201711060-fig-5037}

These aminomethoxylation methods were limited to electron‐rich olefins, and methanol was mainly used to trap the cyclized intermediate. More recently, Xu and co‐workers developed various reaction protocols and demonstrated that this method could be used to access a broader scope of amino‐functionalized products.

With 2,2,6,6‐tetramethylpiperidine‐*N*‐oxyl (TEMPO) as the radical trapping reagent, non‐activated alkenes were converted.[123](#anie201711060-bib-0123){ref-type="ref"} After the first oxidation step and cyclization, the carbon‐centered radical did not undergo a second oxidation, but reacted with TEMPO instead (Scheme [38](#anie201711060-fig-5038){ref-type="fig"}, top). Here, the TEMPO group served as a mediator and a trapping agent and provided the possibility for subsequent functionalization. Acyclic alkenes were also converted, and spiro compounds were accessed with excellent diastereoselectivity. A cyclopropane derivative was used as a radical clock substrate to confirm the radical nature of the reaction mechanism. Xu and co‐workers also developed an elegant modification of their method that is based on the addition of an excess of 1,4‐cyclohexadiene instead of TEMPO (Scheme [38](#anie201711060-fig-5038){ref-type="fig"}, bottom).[124](#anie201711060-bib-0124){ref-type="ref"} The use of 1,4‐cyclohexadiene as a hydrogen atom donor leads to a redox‐neutral process with potential applications in natural product synthesis. Ferrocene was required as a mediator for the oxidation to avoid electrode passivation. With a 5:1 mixture of THF and methanol, the oxidation potential of the carbamate was lowered, and efficient electron transfer from ferrocene was possible. Suitable substrates also underwent redox‐neutral radical cascade reactions and, in the absence of 1,4‐cyclohexadiene, oxidative cascade reactions. Tricyclic products and indolines are thus accessible.

![Aminooxygenation of non‐activated alkenes and redox‐neutral amination of substituted olefins.[123](#anie201711060-bib-0123){ref-type="ref"},[124](#anie201711060-bib-0124){ref-type="ref"} Cp=cyclopentadienide.](ANIE-57-5594-g045){#anie201711060-fig-5038}

If no radical trapping groups or hydrogen donors are present, the β‐hydrogen atom can eliminate upon cyclization.[125](#anie201711060-bib-0125){ref-type="ref"} With this modified method, vinyl‐substituted heterocycles were generated (Scheme [39](#anie201711060-fig-5039){ref-type="fig"}). This moiety is usually accessible by transition‐metal catalysis, and the amination of tri‐ and tetrasubstituted olefins is difficult.[126](#anie201711060-bib-0126){ref-type="ref"} The diastereoselectivity of the reaction was high, and the scope broad.

![Electrochemical amination of substituted olefins.[125](#anie201711060-bib-0125){ref-type="ref"} DMA=*N*,*N*‐dimethylacetamide.](ANIE-57-5594-g046){#anie201711060-fig-5039}

Based on the hydroamination work, Xu and co‐workers applied the method for indoline synthesis[124](#anie201711060-bib-0124){ref-type="ref"} to the formation of indoles. The authors employed the same conditions and urea substrates, whereby the urea moiety served as a connecting bridge between a tethered arene and an alkyne. These substrates were directly converted into substituted indoles. A useful feature of this procedure is the fact that 4‐, 5‐, and 6‐azaindoles are also accessible in high yields (Scheme [40](#anie201711060-fig-5040){ref-type="fig"}).[127](#anie201711060-bib-0127){ref-type="ref"}

![Electrochemical formation of fused indoles.[127](#anie201711060-bib-0127){ref-type="ref"}](ANIE-57-5594-g047){#anie201711060-fig-5040}

Recently, Xu and co‐workers reported a method to access 3‐fluorooxindoles. At 0 °C with cyclopentadienyllithium as the base, this process enabled the oxidation of the acidic α‐position in *N*‐aryl amides. The base was essential to lower the oxidation potential of the α‐carbon atom by deprotonation and enabled the electron transfer from the mediator. This C−C coupling reaction is an elegant means to access 3‐fluorooxindoles (Scheme [41](#anie201711060-fig-5041){ref-type="fig"}), which can be functionalized in subsequent reactions.[128](#anie201711060-bib-0128){ref-type="ref"}

![Electrochemical formation of 3‐fluorooxindoles.[128](#anie201711060-bib-0128){ref-type="ref"}](ANIE-57-5594-g048){#anie201711060-fig-5041}

The studies presented thus far focused on the reactivity of amidyl radicals towards olefins and alkynes. Waldvogel and co‐workers recently developed a method for the intramolecular dimerization of two anilides via an amidyl radical. N−N bonds were electrochemically formed without the need for highly toxic hydrazines as precursors.[129](#anie201711060-bib-0129){ref-type="ref"} Easily accessible malonic acid dianilides were directly converted into pharmaceutically relevant pyrazolidine‐3,5‐diones (Scheme [42](#anie201711060-fig-5042){ref-type="fig"}).

![Electrochemical synthesis of pyrazolidine‐3,5‐diones.[129](#anie201711060-bib-0129){ref-type="ref"}](ANIE-57-5594-g049){#anie201711060-fig-5042}

Interestingly, the reactions only worked well in HFIP. Other solvents failed or gave only traces of the desired product. The prominent role of HFIP as a radical‐stabilizing solvent as well as the aromatic substitution pattern were key factors for a successful reaction.[130](#anie201711060-bib-0130){ref-type="ref"} The authors also reported another interesting feature of this transformation. If N−N bond formation is too slow, it competes with the formation of a C−O bond, affording benzoxazoles.[131](#anie201711060-bib-0131){ref-type="ref"} This led to the development of a procedure for the reagent‐free synthesis of benzoxazoles starting from monoanilides in very good yields (Scheme [43](#anie201711060-fig-5043){ref-type="fig"}). Comparison of two commonly used simple electrochemical set‐ups revealed the optimization potential in terms of the final outcome of the reaction.

![Direct electrochemical formation of benzoxazoles from anilides.[131](#anie201711060-bib-0131){ref-type="ref"}](ANIE-57-5594-g050){#anie201711060-fig-5043}

Waldvogel and co‐workers showed by cyclic voltammetry studies that the mechanism involves a diradical for N−N bond formation and a cation for the benzoxazole synthesis.^132^ Electrochemical methods for the simple construction of benzoxazoles have also been developed by other groups. Zheng and co‐workers reported a 2,3‐dichloro‐5,6‐dicyano‐*p*‐hydroquinone (DDH) mediated process to convert a Schiff base with a tethered 2‐aminoarene into the corresponding benzoxazole.[133](#anie201711060-bib-0133){ref-type="ref"} A large amount of mediator (30 mol %) was necessary under the optimized reaction conditions, but several aromatic functional groups were tolerated by this method. This approach constitutes an alternative to the use of a biphasic electrolyte, which is mandatory when sodium iodide serves as the mediator.[134](#anie201711060-bib-0134){ref-type="ref"} As reported above, Yoshida and co‐workers also developed an elegant way to construct this important heterocyclic structure by using their amination procedure in an intramolecular fashion (see Section 3.3).[52](#anie201711060-bib-0052){ref-type="ref"}

Xu et al. reported an elegant synthesis of benzothiazoles from thioanilides. In an undivided cell under constant‐current conditions, many different functional groups and substitution patterns were tolerated (Scheme [44](#anie201711060-fig-5044){ref-type="fig"}).[135](#anie201711060-bib-0135){ref-type="ref"}

![TEMPO‐mediated synthesis of benzothiazoles.[135](#anie201711060-bib-0135){ref-type="ref"}](ANIE-57-5594-g051){#anie201711060-fig-5044}

The authors again confirmed that this was a valuable alternative to classic synthetic routes, and that this method can be used to generate natural products or drugs more efficiently. A similar substrate underwent the same cyclization reaction.[136](#anie201711060-bib-0136){ref-type="ref"} When amidine functional groups were oxidized at the anode, the generated amidinyl radicals underwent cyclization with the attached aromatic ring system (Scheme [45](#anie201711060-fig-5045){ref-type="fig"}). This reaction exhibited high chemoselectivity, and several functional groups were tolerated.

![Electrochemical generation of benzimidazoles and pyridoimidazoles.[136](#anie201711060-bib-0136){ref-type="ref"}](ANIE-57-5594-g052){#anie201711060-fig-5045}

Huang and co‐workers developed another method to synthesize simpler benzimidazoles, benzoxazoles, and benzothiazoles.[137](#anie201711060-bib-0137){ref-type="ref"} In a Co^III^‐mediated reaction, alcohols were fused with aromatic *ortho*‐amino‐functionalized arenes, as shown in Scheme [46](#anie201711060-fig-5046){ref-type="fig"}. The reaction is based on the oxidation of the alcohol to an aldehyde by the cobalt(III) mediator. The aldehyde subsequently undergoes a condensation reaction with the amine, oxygen, or sulfur moiety. The final product is formed by oxidation in air.

![Cobalt(III)‐mediated synthesis of benzimidazoles and benzothiazoles.[137](#anie201711060-bib-0137){ref-type="ref"}](ANIE-57-5594-g053){#anie201711060-fig-5046}

Wang and co‐workers developed a procedure towards isatins by combining the formation of C−O bonds with the synthesis of heterocycles (Scheme [47](#anie201711060-fig-5047){ref-type="fig"}).[138](#anie201711060-bib-0138){ref-type="ref"} Isatins are an important motif in natural products and pharmaceutically active compounds. Iodine served as a mediator for the initial oxidation of the methyl group while pure oxygen was used as the oxygen source. Follow‐up oxidations could be initiated by oxygen, the electrode, or the iodine mediator. The use of pure oxygen might impact on the scalability because of safety considerations.

![Iodine‐mediated synthesis of isatins.[138](#anie201711060-bib-0138){ref-type="ref"}](ANIE-57-5594-g054){#anie201711060-fig-5047}

There are rare examples for the electrochemical synthesis of three‐membered heterocycles. However, these are very valuable synthetic intermediates because of their inherent ring strain.[139](#anie201711060-bib-0139){ref-type="ref"} Yudin and co‐workers synthesized aziridines from *N*‐aminophthalimides under potentiostatic control with a silver wire as a pseudo‐reference electrode (Scheme [48](#anie201711060-fig-5048){ref-type="fig"}).[140](#anie201711060-bib-0140){ref-type="ref"}

![Potentiostatic aziridine synthesis with *N*‐aminophthalamide.[140](#anie201711060-bib-0140){ref-type="ref"}](ANIE-57-5594-g055){#anie201711060-fig-5048}

The electrolysis had to be conducted in a divided cell as olefin reduction occurred as a side reaction when an undivided cell was used. This approach was further developed into an interesting method for the amination of sulfoxides in two subsequent electrolysis processes in divided cells, with a potentiostatic anodic oxidation followed by constant‐current cathodic reduction.[141](#anie201711060-bib-0141){ref-type="ref"} Direct epoxidation at the electrode required a catalyst that mediates the generation of the oxygen species as olefins are difficult to oxidize or reduce electrochemically (Scheme [49](#anie201711060-fig-5049){ref-type="fig"}). Further work was done on electrochemical epoxidations. Page, Marken, and co‐workers used electrochemically generated peroxodicarbonate and peroxodisulfate for the epoxidation of an iminium catalyst.[142](#anie201711060-bib-0142){ref-type="ref"}

![Percarbonate‐ or persulfate‐mediated epoxidation.[141](#anie201711060-bib-0141){ref-type="ref"},[142](#anie201711060-bib-0142){ref-type="ref"}](ANIE-57-5594-g056){#anie201711060-fig-5049}

The enantiomeric excess was generally higher when persulfates were employed. Styrene‐type alkenes were successfully converted, and boron‐doped diamond was crucial for the generation of the peroxo species. High current densities were applied, and the electrolysis step was performed prior to catalyst addition.

Another mediated anodic epoxidation protocol was developed by Rossen and co‐workers.[143](#anie201711060-bib-0143){ref-type="ref"} The synthesis of the HIV protease inhibitor indinavir included an epoxidation step, which was realized by constant‐current electrolysis with sodium bromide as the supporting electrolyte (Scheme [50](#anie201711060-fig-5050){ref-type="fig"}). Anodically generated HOBr led to the formation of a bromohydrin, which cyclized to the epoxide. The use of sodium bromide as a mediator has advantages over peracids in terms of scale‐up and safety aspects. This work showcased the potential of electroorganic synthesis for a broad range of applications.

![Hypobromide‐mediated epoxidation for the synthesis of indinavir.[143](#anie201711060-bib-0143){ref-type="ref"}](ANIE-57-5594-g057){#anie201711060-fig-5050}

Another indirect epoxidation method for olefins is based on the use of reduced oxygen as the epoxidation reagent. Oxygen reduction can lead to the formation of hydrogen peroxide in acidic media, which subsequently reacts with an epoxidation catalyst. Electrochemical reduction of molecular oxygen is mainly studied in the field of fuel cells.[144](#anie201711060-bib-0144){ref-type="ref"} This approach demonstrated the interesting implementation of fundamental transformations in simple electrochemical reactions, such as oxygen reduction, but the reported yields and conversions were quite low. The complex set‐ups and procedures exacerbate optimization and applicability.[145](#anie201711060-bib-0145){ref-type="ref"}

7. Natural Products, Related Compounds, and Late‐Stage Functionalization {#anie201711060-sec-0016}
========================================================================

Electrochemical synthesis comprises a broad variety of possible transformations, such as C−C coupling reactions, functional group transformations, and reactions of heteroatom moieties. Nevertheless, synthetic applications of electrochemistry are mostly associated with transformations of inorganic compounds or the synthesis of small organic molecules. Only a few attempts have been made towards the synthesis of complex organic structures, such as natural products. This may also be due to the reluctance of synthetic chemists to use electrochemical methods on rather complex starting materials. Nevertheless, it has been shown that electrochemical methods provide a green and sustainable alternative means to access even complex natural products. Additionally, electrochemical transformations can lead to superior results in situations where conventional methods fail. A collection of investigated electrochemical transformations applied in natural product synthesis and late‐stage functionalization will be surveyed.

7.1. Electrochemical Dehydrodimerization {#anie201711060-sec-0017}
----------------------------------------

Dehydrogenative couplings or dehydrodimerization reactions are of particular interest as only protons are liberated, which can be discharged at the cathode. The generated hydrogen can potentially be directly employed for a coupled synthesis.[146](#anie201711060-bib-0146){ref-type="ref"} One remarkable example is the N−N heteroatom coupling of carbazoles at a carbon anode, investigated by Baran and co‐workers as a pivotal step of the first total synthesis of dixiamycin B (Scheme [51](#anie201711060-fig-5051){ref-type="fig"}).[147](#anie201711060-bib-0147){ref-type="ref"}

![N−N dehydrodimerization reaction of xiamycin A to dixiamycin B.[147](#anie201711060-bib-0147){ref-type="ref"}](ANIE-57-5594-g058){#anie201711060-fig-5051}

The authors demonstrated that this reaction can be generally applied to substituted carbazoles and β‐carbolines with yields of up to 66 %. Here, the electrochemical approach was superior to classic organic oxidation reactions. In this protocol, the supporting electrolyte (Et~4~NBr) acted as a mediator, resulting in a mild oxidative reaction. Baran and co‐workers also observed unusual selectivity in that only a single atropisomer of the desired coupling product was formed.

7.2. Synthesis by Electrochemically Initiated Cyclization {#anie201711060-sec-0018}
---------------------------------------------------------

Many synthetic targets involve cyclic moieties; consequently, electrochemical cyclization steps play an important role. A large variety of different natural products were synthesized by including an intramolecular anodic olefin coupling reaction as a key step. Important work has been done by Moeller and co‐workers for the synthesis of (−)‐alliacol A,[148](#anie201711060-bib-0148){ref-type="ref"} (+)‐nemorensic acid,[149](#anie201711060-bib-0149){ref-type="ref"} (−)‐crobarbatic acid,[150](#anie201711060-bib-0150){ref-type="ref"} and the arteannuin ring skeleton.[151](#anie201711060-bib-0151){ref-type="ref"} Trauner et al. synthesized a precursor towards guanacastepene[152](#anie201711060-bib-0152){ref-type="ref"} with this method, whereas conventional transformations, such as Rh‐catalyzed cyclopropanation/rearrangement or diazotization reactions, did not succeed in delivering the desired compound. Wright et al. reported on the synthesis of the hamigeran ring skeleton.[153](#anie201711060-bib-0153){ref-type="ref"}

These reactions were mostly carried out with a reticulated vitreous carbon (RVC) anode in the presence of methanol and 2,6‐lutidine as a proton scavenger (Schemes [52](#anie201711060-fig-5052){ref-type="fig"} and [53](#anie201711060-fig-5053){ref-type="fig"}), and under constant‐current conditions in an undivided cell. On the other hand, owing to the large, but not well defined, surface of the porous glassy carbon anode, the reaction conditions cannot be easily transferred to other setups. A general reaction mechanism and a collection of interesting natural products are shown in Scheme [52](#anie201711060-fig-5052){ref-type="fig"}.

![Postulated mechanism for anodic cyclizations of olefins. The exact mechanism, order of steps, and rates of each step may vary for each substrate and different reaction conditions (X, Y=electron‐donating groups, e.g., OMe, SMe/S‐Alkyl). Synthesized natural product skeletons are shown on the right.[148](#anie201711060-bib-0148){ref-type="ref"}, [149](#anie201711060-bib-0149){ref-type="ref"}, [150](#anie201711060-bib-0150){ref-type="ref"}, [151](#anie201711060-bib-0151){ref-type="ref"}, [152](#anie201711060-bib-0152){ref-type="ref"} TBDPS=*tert*‐butyldiphenylsilyl, TBS=*tert*‐butyldimethylsilyl.](ANIE-57-5594-g059){#anie201711060-fig-5052}

![Synthesis of C‐glycosides by anodic olefin couplings.[154](#anie201711060-bib-0154){ref-type="ref"}](ANIE-57-5594-g060){#anie201711060-fig-5053}

The proposed mechanism of the intramolecular coupling reaction involves a single electron oxidation at the HOMO of a functional group attached to an electron‐rich double bond, forming the initial radical cation. Subsequent attack of an electron‐rich nucleophile leads to the formation of mostly five‐ to seven‐membered rings. After proton abstraction, an additional oxidation step results in the formation of a cation, which will be quenched by MeOH as a solvent.

Trends regarding the ring sizes generated by electrochemical cyclization reactions were studied by Moeller and co‐workers for the synthesis of C‐glycosides by anodic olefin coupling reactions.[154](#anie201711060-bib-0154){ref-type="ref"} Cyclization to a furanose system was achieved by the intramolecular coupling of a hydroxy group to either a methoxy enol ether or a vinyl sulfide in yields of up to 73 %. For the pyranose systems, the use of vinyl sulfide substrates was favorable. This means that trapping of the radical cation intermediates was accelerated by the formation of less polarized radical cations. With this modification, the desired pyranose glycosides were isolated in yields of up to 71 % (Scheme [53](#anie201711060-fig-5053){ref-type="fig"}). With vinyl sulfides, mixtures were obtained because of partial substitution of the methyl sulfide with methoxy groups.

The anodic formation of spiro compounds was used as a key step in the enantioselective synthesis of heliannuol E by Nishiyama and co‐workers.[155](#anie201711060-bib-0155){ref-type="ref"} Under constant‐current conditions, oxidation at a carbon beaker anode was carried out to form a spirodienone derivative (Scheme [54](#anie201711060-fig-5054){ref-type="fig"}). Nishiyama et al. also applied the electrochemical synthesis of spiro acetals to the synthesis of ossamycin, following a similar approach.[156](#anie201711060-bib-0156){ref-type="ref"}

![Anodic synthesis of a spiro compound for the synthesis of heliannuol E.[155](#anie201711060-bib-0155){ref-type="ref"}](ANIE-57-5594-g061){#anie201711060-fig-5054}

Chromans and spiro chromans such as euglobal skeletons play an important role in a variety of polycyclic aromatic natural products. Electrochemical syntheses of these moieties were achieved by Chiba and co‐workers by intermolecular cycloaddition reactions of olefins and in situ generated *ortho*‐quinone methides.[157](#anie201711060-bib-0157){ref-type="ref"}, [158](#anie201711060-bib-0158){ref-type="ref"} The reaction can be carried out in a two‐phase reaction medium consisting of MeNO~2~ and LiClO~4~ as the electrolyte for the oxidation reaction at a glassy carbon anode and hexane, in order to dissolve the reaction products and prevent oxidative decomposition at the anode (Scheme [55](#anie201711060-fig-5055){ref-type="fig"}).[157](#anie201711060-bib-0157){ref-type="ref"} LiClO~4~ was found to be crucial for significant conversion in the cycloaddition reaction as both ions have a promotional effect on Diels--Alder reactions. In the second approach, an electrode coated with PTFE fiber was used to increase the selectivity of the electrochemical cycloaddition reaction.[158](#anie201711060-bib-0158){ref-type="ref"}

![Electrochemical synthesis of chromans and spiro chromans by intermolecular cycloadditions of terpenes and in situ generated *ortho*‐quinone methides.[157](#anie201711060-bib-0157){ref-type="ref"}](ANIE-57-5594-g062){#anie201711060-fig-5055}

Anodic phenol--olefin couplings have been extensively studied by the groups of Yamamura and others. For example, Yamamura and co‐workers synthesized a highly oxygenated isocedrene. The anodic intramolecular coupling of a phenol to an olefin was used as a key step to construct the bicyclic ring skeleton. Unfortunately, constant‐current conditions in a defined potential range were applied, and no current densities were given (Scheme [56](#anie201711060-fig-5056){ref-type="fig"}).[159](#anie201711060-bib-0159){ref-type="ref"}

![Electrochemical synthesis of isocedrene by an anodic phenol--olefin coupling.[159](#anie201711060-bib-0159){ref-type="ref"}](ANIE-57-5594-g063){#anie201711060-fig-5056}

Intermolecular anodic phenol--olefin couplings were also investigated by Einaga, Nishiyama, and co‐workers.[160](#anie201711060-bib-0160){ref-type="ref"} Electrolysis of isoeugenol in MeOH at a constant potential provided the neolignan (±)‐licarin A by coupling and cyclization reactions. After extensive optimization, the authors found that the combination of a batch cell with BDD electrodes is superior for this electrochemical synthesis. This can be rationalized by the proposed mechanism, wherein methoxyl radicals play an important role. The authors demonstrated by ESR studies that the amount of methoxy radicals was higher at the BDD than at other anodes. The desired natural product was obtained in yields of up to 40 % along with two side products (Scheme [57](#anie201711060-fig-5057){ref-type="fig"}).

![Electrochemical synthesis of licarin A by an anodic phenol--olefin coupling.[160](#anie201711060-bib-0160){ref-type="ref"}](ANIE-57-5594-g064){#anie201711060-fig-5057}

Another interesting example is the synthesis of *o*‐methylthalibrine investigated by Nishiyama and co‐workers.[161](#anie201711060-bib-0161){ref-type="ref"} This synthesis involves the electrochemical formation of diaryl ethers by substitution of a halogen with a phenolic substrate and subsequent reduction of the formed quinone acetal intermediate at a Zn cathode. In general, anodic treatment of phenol derivatives is a powerful approach to synthesize various natural products or natural product skeletons. This topic has been surveyed for example by Yamamura and Nishiyama.[159](#anie201711060-bib-0159){ref-type="ref"}, [162](#anie201711060-bib-0162){ref-type="ref"}

A list of potentially useful anodic cyclization reactions for the construction of alkaloids has been complied by Schäfer.[163](#anie201711060-bib-0163){ref-type="ref"} One remarkable example, namely the anodic intramolecular macrocyclization of a phenol and an indole moiety, was reported by Harran and co‐workers.[164](#anie201711060-bib-0164){ref-type="ref"} The multistep synthesis of a diazonamide‐based drug (DZ‐2384; Scheme [58](#anie201711060-fig-5058){ref-type="fig"}) involves macrocyclization by intramolecular C−O and C−C bond formation. The selectivity of the oxidative cyclization was increased and the reagent waste was minimized by development of an electrochemical protocol. Both factors were of significant importance considering that the reaction was carried out on multigram scale (up to 60 g of starting material). Constant‐potential electrolysis in DMF/H~2~O with Et~4~NBF~4~ as the supporting electrolyte produced the macrocycle in 43 % yield (based on recovered starting material).

![Electrochemical synthesis of the precursor for DZ‐2384 on multigram scale by anodic macrocyclization.[164](#anie201711060-bib-0164){ref-type="ref"}](ANIE-57-5594-g065){#anie201711060-fig-5058}

The anodic treatment of amines has been used as part of a multistep procedure towards the total synthesis of (+)‐*N*‐methylanisomycin.[165](#anie201711060-bib-0165){ref-type="ref"} Lithiation of an amine and subsequent oxidation of the obtained lithium amide resulted in an intramolecular cyclization reaction. Electrolysis was carried out under constant‐current conditions at a Pt anode in a divided cell (Scheme [59](#anie201711060-fig-5059){ref-type="fig"}). The observed stereoselectivity was rationalized by adsorption of the radical species via its less hindered face at the electrode surface.

![Synthesis of (+)‐*N*‐methylanisomycin by anodic cyclization of a δ‐alkenylamine.[165](#anie201711060-bib-0165){ref-type="ref"} HMPA=hexamethylphosphoric acid triamide, MOM=methoxymethyl.](ANIE-57-5594-g066){#anie201711060-fig-5059}

The late‐stage functionalization of natural products and their precursors is an effective means to synthesize various derivatives, for example, to investigate the effect of different substituents. In addition, they may represent metabolites, which can then be easily evaluated in terms of their biological action or toxicity. Aubé and co‐workers developed a procedure for the anodic late‐stage functionalization of polycyclic lactams. Electrolysis in an undivided cell with MeOH as the solvent and Et~4~NOTs or LiClO~4~ as the supporting electrolyte at carbon electrodes resulted in the methoxylation of cyclic and noncyclic amides. The authors demonstrated that these methoxy amides can be used for various diversification reactions (see Scheme [60](#anie201711060-fig-5060){ref-type="fig"}).[166](#anie201711060-bib-0166){ref-type="ref"}

![Late‐stage functionalization of cyclic and noncyclic amides shown for one bicyclic lactam.[166](#anie201711060-bib-0166){ref-type="ref"}](ANIE-57-5594-g067){#anie201711060-fig-5060}

7.3. Kolbe and Minisci Reactions {#anie201711060-sec-0019}
--------------------------------

Kolbe electrolysis is a well‐studied transformation, best known for the coupling of two aliphatic carboxylic acid moieties, and has been discussed in detail in Section 4. Its application in natural product synthesis was studied by Schäfer and co‐workers, for example. The electrochemical synthesis of insect pheromones or precursors thereof is one remarkable example.[167](#anie201711060-bib-0167){ref-type="ref"}

Another decarboxylative Kolbe‐type transformation applied in natural product synthesis was studied by Mori and co‐workers. The total synthesis of the bicyclic β‐lactam (+)‐PS‐5 features a decarboxylative Hofer--Moest‐type/non‐Kolbe reaction as a key step.[168](#anie201711060-bib-0168){ref-type="ref"}

7.4. C−H Oxidation {#anie201711060-sec-0020}
------------------

Baran and co‐workers recently developed a method for the electrochemical synthesis of enones from the corresponding olefins. This process proceeds through oxidation in the α‐position of the double bond, using Cl~4~NHPI (*N*‐hydroxytetrachlorophthalimide) as the mediator, and subsequent peroxide formation/elimination to afford the final α,β‐unsaturated ketone.[169](#anie201711060-bib-0169){ref-type="ref"} This work is a perfect example of the further development of a known method.[170](#anie201711060-bib-0170){ref-type="ref"} More than ten different natural products, as well as several steroids and terpene derivatives, were easily obtained (Scheme [61](#anie201711060-fig-5061){ref-type="fig"}). Furthermore, the yields of the electrochemical steps in the synthesis of nootkatone, isolongifolenone, verbenone, and carvone were comparable or even superior to those described in the literature for using Cr‐, Rh‐, or Mn‐based reagents for the same transformation.

![Electrochemical synthesis of enones by allylic C−H oxidation for the synthesis of several natural compounds.[169](#anie201711060-bib-0169){ref-type="ref"}](ANIE-57-5594-g068){#anie201711060-fig-5061}

The authors further exploited the potential of this transformation by functionalizing non‐activated C−H bonds with a simple redox mediator such as quinuclidine.[171](#anie201711060-bib-0171){ref-type="ref"} Methylene and methine moieties were electrochemically transformed into ketones or tertiary alcohols. This enabled the synthesis of (+)‐2‐oxo‐yahazunone on a large scale and in six steps starting from sclareolide (Scheme [62](#anie201711060-fig-5062){ref-type="fig"}), in addition to the divergent synthesis of various meroterpenoids.

![Total synthesis of (+)‐2‐oxo‐yahazunone by C−H activation.[171](#anie201711060-bib-0171){ref-type="ref"}](ANIE-57-5594-g069){#anie201711060-fig-5062}

Both approaches by Baran et al. lead the way to the development of versatile, broadly applicable chemical transformations. However, mediators were necessary, and efforts should be taken to achieve direct electrochemical oxidation at the electrode.[172](#anie201711060-bib-0172){ref-type="ref"}

8. Future Perspectives {#anie201711060-sec-0021}
======================

Although electroorganic synthesis has been studied for more than 150 years, significant progress was made over the last few decades. More research groups are now focusing on this topic as it combines various advantages of social and political importance with efficient synthetic applications. It can be expected that different groups will approach synthetic problems and challenges from different directions. Electrified organic synthesis will provide several synthetic tools in the near future that will be second to none in terms of sustainability and very useful. In combination with renewable electricity sources, the electrosynthesis of value‐added chemicals will be a game changer for the chemical industries.
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